Gastropods have a rich fossil record stretching back to the Cambrian. However, determining the relationships of those early taxa to each other and (especially) to extant taxa entails major challenges. Fossil gastropod shells typically offer only a limited number of characters and only occasionally opercular and muscle scar characters. Although numerous studies suggest that teleoconchs retain strong phylogenetic signal among closely related species and even genera, severe architectural restrictions result in a near absence of character states diagnosing large clades. Features that might diagnose large gastropod clades, such as shell mineralogy and protoconch morphology, are preserved only infrequently in early fossils. Thus, most Paleozoic fossils lack obvious markers that might link them to extant taxa.
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Jiří Frýda, Alex Nützel, and Peter J. Wagner Gastropods have a rich fossil record stretching back to the Cambrian. However, determining the relationships of those early taxa to each other and (especially) to extant taxa entails major challenges. Fossil gastropod shells typically offer only a limited number of characters and only occasionally opercular and muscle scar characters. Although numerous studies suggest that teleoconchs retain strong phylogenetic signal among closely related species and even genera, severe architectural restrictions result in a near absence of character states diagnosing large clades. Features that might diagnose large gastropod clades, such as shell mineralogy and protoconch morphology, are preserved only infrequently in early fossils. Thus, most Paleozoic fossils lack obvious markers that might link them to extant taxa.
As a result of these factors, gross shell form, coupled with the then-current models of gast ropod phylogeny, are the basis for traditional ideas about Paleozoic gastropod phylogeny (e.g., Wenz 1938 Wenz -1944 Knight et al. 1960; Pchelintsev and Korobkov 1960) . Recently, detailed phylogenetic analyses focusing on specifi c rather than gross shell features, coupled with new data on protoconch and shell mineralogy, have seriously challenged views about the relationships of Paleozoic gastropods both to each other and to extant taxa. Here, we review and evaluate ideas about the early evolution of gastropods, ranging from their origins to the evolution of the fi rst undoubted members of living major extant gastropod taxa. We discuss inferences drawn from teleoconch and protoconch morphologies as well as possible relationships of extinct Paleozoic gastropod groups to living gastropods. Finally, we summarize macroevolutionary trends of their teleoconchs and protoconchs, and we discuss some ongoing controversies and adaptive radiations of the Paleozoic gastropods.
THE EARLIEST GASTROPODS AND THEIR RELATIONSHIPS TO OTHER MOLLUSCS
We cannot directly observe torsion on fossils, so it is diffi cult to demonstrate that any fossil is a gastropod (Yochelson 1967; Peel 1991a, b;  see later discussion of the bellerophont controversy). The biological meaning (if any) of torsion is debated (e.g., Morton 1958; Runnegar bellerophonts bearing the same sinus, selenizone, and apertural morphologies (e.g., Strepsodiscus), with this clade nested within tergomyans (see Wagner 1999b: fi g. 7).
Because sample intensity relative to rates of homoplasy affects the accuracy of phylogenetic inference (e.g., Wagner 2000a), denser sampling of Cambrian molluscs in these analyses would be desirable. However, Wagner's iterative outgroup analyses with random selections of 75% of the outgroup taxa repeatedly reconstructed Schizopea's place in molluscan phylogeny. Also, these analyses (Wagner 1999b) place taxa that might be relatives of early cephalopods (e.g., Knightoconus) elsewhere in the tergomyan clade. Thus, the implied relationships among classes (bivalves as an outgroup to tergomyans, cephalopods, and gastropods) are consistent with neontological reconstructions. Still, even this corroboration is tentative, as the Cambrian antecedents of cephalopods are also disputed. Knight et al. (1960) presented a consensus view of early gastropod phylogeny in the Treatise on Invertebrate Paleontology (see also Knight 1952) . This scheme (Figure 10 .1) relied little on teleoconch characters. Instead, it interpreted Paleozoic teleoconchs in the context of neontologically derived phylogenetic models (in particular Yonge 1947) . In these models (Figure 10 .1), nearly symmetrical pleurotomarioids with a sinus and selenizone gave rise to "advanced archaeogastropods" (e.g., patellogastropods, neritoids, and trochoids) as well as the forbearers of caenogastropods and heterobranchs (including opisthobranchs and pulmonates). The classification proposed by Knight et al. (1960) lumped Paleozoic taxa into extant taxa whenever possible: for example, trochiform taxa (e.g., platyceratids) were trochines, most limpets were patelloids, and high-spired taxa lacking selenizones (e.g., loxonematoids and subulitoids) were caenogastropods. The phylogenetic positions of extinct morphologies were made 1981; Bandel 1982; Pennington and Chia 1985; Goodhart 1987; Geyer 1994; Page 1997) , which leaves us with no certain expectations about the earliest gastropod teleoconch. Some neontological analyses imply that the earliest gastropods were limpets (Haszprunar 1988) , but this is unlikely, given pervasive convergence to a limpet form from coiled ancestors (Ponder and Lindberg 1997) . Thus, the earliest gastropods likely were coiled. Moreover, a recurring trend in gastropod evolution concerns altering of the mantle cavity in ways that accommodate the effects of torsion (Wagner 1996; Lindberg and Ponder 2001) . The deep sinus of Strepsodiscus and Schizopea, placing the anus well behind the inferred locations of the gills and mouth, represents an obvious way to do this. One might question this interpretation of a sinus because similar features appear on taxa with tergomyan muscle scars (Horný 1991; Horný and Peel 1996) , and sinuses even occur on some cephalopods. However, this only means that there are likely multiple reasons for possessing a sinus and does not alter the expectation that early gastropods should have had one. Thus, taxa such as Strepsodiscus probably represent the oldest gastropods (for an alternative view, see Parkhaev, Chapter 3).
RELATIONSHIPS INFERRED FROM TELEOCONCH MORPHOLOGY
A related issue is the place of the earliest gastropods in Cambrian molluscan phylogeny and which taxa do not fall within the gastropod clade. Wagner (1995a Wagner ( , 1997 Wagner ( , 1999b ) analyzed numerous Cambrian molluscs as possible outgroups for early gastropods and rostroconchs. This suggested that most Cambrian taxa once considered gastropods represent either a paraphyletic assemblage relative to gastropods, tergomyans, rostroconchs, and bivalves (e.g., Helcionella; see Runnegar and Pojeta 1974; Peel 1991b; Geyer 1994 ; but see Parkhaev, Chapter 3, for an alternative view) or distant relations of gastropods (e.g., Pelagiella and the Mimospirina; see following section on paragastropods). The earliest anisostrophic shells with deep sinuses, a single selenizone keel (but no slit), and very nearly bilaterally symmetrical lenticular apertures, such as Schizopea, form a clade with early were not as simple as their classifi cations. However, this meant repetition of Yonge's (1947) scheme rather than challenges to it (see also Lindberg and Ponder 2001) .
Proposed modifi cations to the Treatise consensus typically were based on hypothetical interpretations of internal anatomy rather than the study of teleoconchs (Figure 10 .1D, E). Examples include the suggestion that bellerophontoids consistent with Yonge's model. Thus, bilaterally symmetrical bellerophonts linked other gastropods to untorted molluscs. High-spired, sinus-and selenizone-bearing murchisonioids linked medium-spired, sinus-and selenizonebearing pleurotomarioids and sinus-bearing but selenizone-less loxonematoids. Because Knight et al. (1960) were not adverse to polyphyletic taxa, their actual phylogenetic scenarios Wenz (1938 Wenz ( -1944 , (C) Knight (1952) , (D) Yochelson (1967 Yochelson ( , 1984 , (E) Runnegar (1981) (modifi ed from Figure 1 , Wagner 1999b) T = advent of torsion.
were not gastropods (Wenz 1940; Runnegar 1981) , the removal of many genera classifi ed as gastropods to helcionelloids and paragastropods (e.g., Linsley and Kier 1984; Peel 1991b) Ponder and Lindberg 1997) . In some groups, phylogenetic analyses using teleoconch characters began to challenge the Treatise consensus. Erwin's (1990b) preliminary cladistic analyses of Treatise families implied not only different relationships, but also different relationships among families depending on which generic exemplars were used. During the last decade, generic as well as family-level classifi cation of the Treatise was criticized by several authors (see Tracey et al. 1993, Bandel and Bandel and Geldmacher 1996) . These results corroborate the view that teleoconch characters are not informative for higher (e.g., family or higher) level analyses. Indeed, many workers claim that teleoconch characters have little or no phylogenetic signal (e.g., Kool 1993; Bandel 2002a ). However, low (i.e., species or genus)-level studies show similar patterns among teleoconch, morphologic, and even molecular characters (e.g., Haasl 2000; Vermeij and Carlson 2000; Papadopoulos et al. 2004) . Although likelihood tests do indicate that teleoconch characters are more homoplastic than are soft-tissue characters (Wagner 2001a; Schander and Sundberg 2001) , hierarchical structure among shell characters is not signifi cantly lower than that among skeletal characters used in lowlevel analyses of vertebrates and echinoderms, and signifi cantly greater than characters used in low-level trilobite studies (Wagner 2000b) . Thus, teleoconch characters are likely akin to third-codon DNA data: informative at low levels but evolving too quickly and lacking suffi ciently unique states to diagnose large clades. Wagner (1999a, b) estimated relationships among nearly 400 Cambrian-Silurian species (Figures 10.1, 10.2) . This work suggested that bellerophontiforms gave rise to "Schizopealike ophiletiforms" (Wagner 1999a, b) . Ophiletiforms in turn gave rise to two major clades. One retained ophiletiforms in basal members but gave rise to independently derived euomphaliforms, including the Macluritidae, derived Ophiletidae, and Helicotomidae. Euomphaliforms gave rise to the majority of 1. Palaeotrochidae is a poorly defi ned group containing a disparate group of taxa. the trochiform taxa of the Ordovician and Silurian, including the Holopeidae, Pseudophoridae, Elasmonematidae, and Palaeotrochidae. Wagner (1999b) also suggested that the Platyceratoidea belonged to this clade, but based that argument on protoconch and shell mineralogy data, not teleoconch characters. However, the Euomphalidae proper evolved from one group of trochiform euomphalines in the early Silurian. The second began with murchisoniiforms (primarily species of Hormotoma). At least two classic "pleurotomarioid" clades evolved independently from Hormotoma: the Eotomarioidea and the Trochonematoidea (which include the Lophospiridae). The former clade includes the bulk of vetigastropod-like taxa, although this morphotype does not become prevalent until the Late Silurian, and the clade did yield occasional euomphaliforms (e.g., Pleuronotus). Lophospirids include two separate lines traditionally classifi ed in the Trochonematoidea as well as trochiform taxa such as true Gyronema and some murchisoniiform taxa. Trochiforms such as the Straparollinidae also evolved from murchisoniiforms. Murchisoniiforms within this second clade also gave rise to true murchisonioids, which in turn gave rise to caenogastropod-like taxa (perhaps including the actual precursors of caenogastropods; see following discussion) at least twice in the Ordovician (Loxonematidae and Subulitidae). A second subulitiform clade, including species lumped in Macrochilina, arose within loxonematoids in the Silurian. Murchisoniiforms generated at least one other loxonemiform clade (e.g., taxa such as Sinuspira) in the Silurian. Unpublished analyses of CambrianDevonian species suggest that the earliest possible neritoids (taxa such as Naticopsis) arose from Macrochilina-like species and corroborate the idea that taxa such as the Palaeozygopleuridae are derived loxonematids (see also Horný 1955; Frýda 1993) .
Because neontological estimates of phylogeny make only vague predictions about the early history of teleoconchs, it is diffi cult to contrast Wagner's (1999b) results with neontological expectations. However, the general pattern is consistent with several scenarios: Ponder and Lindberg's (1997) suggested precursors to patelloids (platyceratoids) come from the euomphaline clade (but is in confl ict with protoconch data, see following discussion) whereas taxa suggested by some workers as precursors to vetigastropods, neritoids, and caenogastropods (see Wagner 1999b) belong to the murchisoniine clade, with vetigastropod precursors an outgroup to neritoid ϩ caenogastropod precursors. The implied times of divergence even corroborate some molecular clock estimates (e.g., patelloids and other gastropods diverging ϳ500 Mya; Peterson 2004 ).
RELATIONSHIPS INFERRED FROM PROTOCONCH MORPHOLOGY
The gastropod protoconch I is the juvenile organic shell, which is usually mineralized by calcium carbonate during later ontogeny. The protoconch is produced by gastropods prior to hatching and metamorphosis (i.e., prior to the adult stage). Like many marine invertebrates, gastropods commonly have a biphasic lifecycle; they generally hatch with an embryonic shell (protoconch I, built within the egg) and subsequently have a planktonic larval stage. Gastropod larvae either feed on plankton (planktotrophic), during which time they build a larval shell (protoconch II), or do not feed but may add some additional shell material. A biphasic life cycle with a nonfeeding larva is supposedly the original state in gastropods and other marine invertebrates, and planktotrophy is considered to have been acquired subsequently (e.g., Haszprunar 1995) . Different developmental modes (i.e., direct development, planktotrophy, lecithotrophy) can occur in closely related species (e.g., even within some genera of caenogastropods). However, other clades, such as the Vetigastropoda and Patellogastropoda, never produce planktotrophic larvae.
Protoconchs are important for three reasons. First, there is a rich fossil record of protoconchs extending back to the Paleozoic. Second, protoconchs refl ect life histories to a high degree and thus provide paleoecological data. Finally, and most importantly for this discussion, there is empirical support for the notion that basic protoconch characters evolve less frequently than do teleoconch characters Ponder and Lindberg 1997; Sasaki 1998; Frýda 1999a; Riedel 2000; Haasl 2000 ) and that they compare favorably to anatomical characters in their phylogenetic utility (e.g., Riedel 2000) . Unfortunately, good protoconch preservation is rare in the Paleozoic. However, during the last 25 years, protoconchs of many fossil and living gastropod groups have been reported, and these have provided crucial additional information.
Modern members of basal (e.g., patellogastropods and vetigastropods) and some more advanced (e.g., Cocculinoidea) clades feature only a coiled embryonic shell (protoconch I) with a relatively late calcifi cation, followed by a teleoconch (e.g., Bandel 1982 . The protoconchs of a majority of advanced gastropods (Neritimorpha, Caenogastropoda, and Heterobranchia) potentially consist of protoconch I and a protoconch II. The distributions of these general types on phylogenies based on soft anatomy (e.g., Haszprunar 1988; Ponder and Lindberg 1997) or molecules (e.g., Rosenberg et al. 1994; Colgan et al. 2000 Colgan et al. , 2003 suggest that possessing a coiled protoconch I alone is plesiomorphic.
Use of fossil data reveals a more complicated evolutionary scenario than analyses based solely on living taxa due to extinction of several gastropod clades (Figure 10 .3). Many Paleozoic (especially Early Paleozoic) gastropods had open-coiled protoconchs (e.g., Hynda 1986; Frýda 1999a; Dzik 1994 Dzik , 1999 Nützel and Frýda 2003; Rohr 2004, 2006; Nützel et al. 2006, and references therein) , which are known only among a few highly derived pteropods today (see Bandel and Hemleben 1995) . Indeed, many of these protoconchs are nearly orthoconic, although most are simply widely umbilicate. Open-coiled protoconchs likely represent the plesiomorphic condition, given that it is observed among several apparently distantly related taxa (Frýda 1998a (Frýda , 1999a . Thus, it was also likely lost several times (see following discussion of trends). Notably, open coiling extends across taxa with only protoconch I (i.e., the OrdovicianPermian Euomphalomorpha and Ordovician Macluritoidea) and some with protoconch I and Frýda and Manda (1997) , Frýda and Bandel (1997) , Bandel and Frýda (1998, 1999) , Bandel ( , 2002a , Frýda and Blodgett (1998 , 2001 , Frýda (1999a Frýda ( , d, 2001 ), , Nützel (2002) , and Rohr (2004, 2006) (see text for discussion).
II (i.e., the Ordovician-Permian Cyrtoneritimorpha and Ordovician-Carboniferous Perunelomorpha; see Rohr 2004, and for references).
Close-coiled protoconchs of the "vetigastropod" type are known since the Silurian, and they have been frequently recorded for Middle and Late Paleozoic taxa with trochiform and pleurotomariiform teleoconchs (e.g., Yoo 1988 Yoo , 1994 , as well as such taxa as the Devonian Murchisonioidea (Frýda and Manda 1997) . The OrdovicianPermian Euomphalomorpha (Figure 10 .5A-C, G, H) also bear only protoconch I, but in contrast to the latter groups it is open coiled (e.g., Yoo 1994; Bandel and Frýda 1998; Nützel 2002; . Possession of a close-coiled protoconch I unites several Paleozoic groups, but it is possible that this refl ects a driven trend rather than common ancestry (see following discussion). More detailed analyses might reveal more specifi c synapomorphies within this "plesiomorphic" complex and determine whether protoconch characters unite any of these taxa.
Possession of protoconch II unites neritimorphs, caenogastropods, and heterobranchs, which corroborates recent neontological studies (see following discussion) but a homeostrophic, open-coiled, protoconch II occurs also in the Ordovician-Permian Cyrtoneritimorpha (see later discussion of the origin of Neritimorpha) and in the Ordovician-Carboniferous Peruneloidea (Perunelomorpha; see discussion of the origin of Caenogastropoda). The cyrtoneritimorphs share some teleoconch features with neritimorphs (see Bandel and Frýda 1999) , but their relationships to other gastropods are unclear (Frýda and Heidelberger 2003) . On the other hand, the peruneloids represent either basal caenogastropods or their sister group (Frýda 1999a; Frýda and Rohr 2004, and references therein) . This strongly suggests that "advanced" gastropods evolved close-coiled protoconchs independently from "primitive" gastropods, in contradiction to the expectations of neontological studies.
Protoconch data also might corroborate the idea that caenogastropods are more closely related to neritimorphs than they are to heterobranchs. The unique highly convolute, homeostrophic protoconchs of extant neritimorphs do not appear until the Triassic (Bandel and Frýda 1999; Bandel 2000) . However, possible Paleozoic precursors of neritimorphs possess a closely coiled (but not convolute) homeostrophic protoconch II that is similar to that in caenogastropods (e.g., Yoo 1994; Nützel and Mapes 2001, Bandel 2002a) . Moreover, the earliest heterobranch protoconchs, featuring a different coiling axis of the larval shell than the teleoconch, are also tightly coiled and also appear in the Devonian (see discussion of the origin of Heterobranchia). Thus, it is possible that the homeostrophic protoconch II of caenogastropods, perunelomorphs, and cyrtoneritimorphs is plesiomorphic relative to the heterostrophic protoconch of heterobranchs. The function (if any) of shell heterostrophy (Figures 10.3, 10.4) , which has been documented also in living and fossil vetigastropods (Hadfi eld and Strathmann 1990; Frýda and Blodgett, 2001; Frýda and Farrell, 2005) and the Ordovician Macluritoidea (Frýda and Rohr, 2006) , is unknown. Blodgett (2001, 2004) discussed shell heterostrophy in the Agnesiinae (Porcellioidea, Vetigastropoda) and concluded that its development in the "Archaeogastropoda" and Heterobranchia is not homologous.
It should be noted that Early and Middle Paleozoic Clisospiroidea (Mimospirina) have a protoconch II similar to that of advanced gastropods (Dzik 1983; Frýda 1989 Frýda , 1993 Rohr 1999, 2004) , which is remarkable given that they are probably not even gastropods (see previous discussion, following discussion on Paragastropoda, and Parkhaev, Chapter 3, for an alternative view).
In summary, we are only just beginning to fully use protoconch and teleoconch characters in phylogenetic analyses of Paleozoic gastropods. Because of numerous autapomorphies and uncertain polarity, many of protoconch characters simply unite groups rather than offer hierarchical information about relationships among those groups. We expect this to change in the near future. Bandel and Frýda 1999 , Dzik 1994 , Frýda and Manda 1997 , Yoo 1994 , Frýda 1999a , 2001 
MACROEVOLUTIONARY TRENDS AND PATTERNS TELEOCONCH MORPHOLOGY
Active trends (sensu Fisher 1986) have eliminated several common morphotypes of the earliest snails. Prominent among these is the decreased diversity and then loss of near-planispiral euomphaliforms (Cain 1977) . This trend appears to be due to extinction (Wagner 1996; Frýda and Rohr 2004) , as convergent euomphaliforms evolve signifi cantly more frequently than expected through the Devonian (Wagner and Erwin 2006) . Wagner also found a driven trend (i.e., biased transition; McShea 1994) for sinus dimensions, with the large sinuses replaced by deep slits in some groups and by high asymmetry in others. The sinus trend is also consistent with trends in mantle evolution noted by Lindberg and Ponder (2001) .
Rates of morphologic evolution were significantly greater among Early Ordovician gastropods than among later ones (Wagner 1995a) . Notably, neontological trees suggest elevated rates of anatomical change given either Haszprunar's (1988) or Ponder and Lindberg's (1997) data sets (Wagner 1998 ) and even among mitochondrial genes (Colgan et al. 2000 (Colgan et al. , 2003 . Nützel and Frýda (2003) documented a probable driven trend toward decreasing proportions of open-coiled protoconchs over the Paleozoic based on Frýda's (1998a Frýda's ( , 1999a observation that open-coiled protoconchs were apparently lost in multiple, unrelated lineages. However, we cannot yet rule out differential extinction as a contributing factor. noted an accompanying trend toward smaller embryonic shells. A characteristic feature of Early Paleozoic gastropods is the development of large embryonic shells, refl ecting their lecithotrophic larval strategy. This changed dramatically during the Silurian and Devonian, during which small, close-coiled embryonic shells came to predominate. This coincided with the inception of larval plankto trophy and was followed by the Late Paleozoic radiation of Neritimorpha, Caenogastropoda, and Heterostropha. Thus, Frýda ( , 2005b suggested that fundamental changes in biogeochemical evolution of the Paleozoic oceans, linked to a pronounced increase in nutrient input to sea surface waters during the eutrophication episodes, triggered both the inception of larval planktotrophy and the diversifi cation of groups with such larva.
PROTOCONCH MORPHOLOGY
ONGOING CONTROVERSIES ARE BELLEROPHONTIFORM MOLLUSCS GASTROPODS?
Workers have debated whether the bilaterally symmetrical bellerophontiform molluscs (Figure 10 .6) are gastropods for over 50 years. Opinions typically center around muscle scar patterns found on some steinkerns. Wenz (1940) documented segmented dorsal muscle scars on a Devonian cyrtonelloid bellerophontiform (Figure 10 .6A), which fi t expectations for an untorted mollusc. Knight (1947) documented unsegmented umbilical scars on bellerophontoids, which fi t the expectations for an anatomically primitive gastropod (e.g., a vetigastropod). This led to a consensus view that bellerophontiforms include both "monoplacophorans" and gastropods (Knight et al. 1960; Yochelson 1967; Peel 1991a Peel , b, 2001 Wahlman 1992; Horný 1991; Horný and Peel 1996) , either because of parallel evolution of shell form (Yochelson 1967; Wahlman 1992) or because gastropods evolved amid untorted bellerophonts (Knight 1952) . Two primary challenges to this consensus exist. Runnegar (1981) inferred that bellerophonts were a monophyletic group only distantly related to gastropods. In this model, the gastropod muscle scars of some bellerophontiforms refl ect a parallelism that allowed untorted bellerophonts to retract deep into the shell. This model also assumes that torsion represents an adult adaptation pertinent only to anisostrophic shells. Potential problems with this model include the possibility that torsion is a larval adaptation and that it is in confl ict with the fossil record (i.e., the hypothesized order in which morphotypes evolved is at odds with their chronology in the fossil record).
Harper and Rollins (2000) argued that bellerophontiforms were a clade of gastropods. They noted that the larval muscles inducing torsion do not become the adult attachment muscles (Wanninger et al. 2000; contra Crofts 1955) and thus that the position of adult muscle did not place themselves at the coiling axis by inducing torsion. Wanninger et al. (2000) further noted that the bundled muscle attachments of patelloids create segmented muscle scars and that some phylogenetic models (e.g., Haszprunar 1988) hypothesized a limpet ancestor for gastropods. Thus, Harper and Rollins proposed that the patelloid muscle pattern is primitive for gastropods, with gastropod muscle scars evolving in parallel among bellerophonts and anisostrophic gastropods. Like the other monophyletic model, the order of morphotype evolution in this model is at odds with the order of morphotype appearance. Also, many workers (e.g., Ponder and Lindberg 1997, see following discussion) dispute the assumption that a limpet was the last common ancestor for gastropods. Moreover, the bundled muscle pattern bears only a superficial resemblance to the segmented muscle scar patterns of cyrtonelloids. Finally, and most critically, the assumed independence of attachment muscles and torsion confuses causation with correlation. Neither the nervous system nor the alimentary tract induces torsion, but torsion strongly modifi ed both those systems and thus is correlated with the fi nal anatomical patterns.
In other words, even though attachment muscles do not affect torsion, we still expect torsion to affect attachment muscles. Wagner (2002) corroborated the idea that "monoplacophoran" and "gastropod" muscle scars separate two bellerophontiform clades. Using teleoconch characters, his study showed that the best trees with a single origin of the bellerophont shell are signifi cantly less likely than are the best trees with two originations. That study also suggested that the group with gastropod muscle scars is paraphyletic relative to anisostrophic gastropods (Figure 10 .2). Parsimony analyses using teleoconch characters separate species with typical monoplacophoran muscle scars from those with typical gastropod muscle scars (Wagner 2001b) , although in those analyses parsimony implausibly suggested that monoplacophorans are a derived clade nested within gastropods.
The most important events infl uencing the higher-level taxonomic position of sinuitids were discoveries of paired muscle scars in some from the Ordovician-Devonian. These discoveries were interpreted as evidence for untorted, exogastrical orientation in these genera (e.g., Peel 1980; Runnegar 1981 Runnegar , 1983 Horný 1991; Wahlman 1992; Horný and Peel 1996) , and sinuitids were transferred to the class Monoplacophora. However, Frýda and Gutiérrez-Marco (1996) pointed out that secondary shell deposits in some Ordovician sinuitids and Devonian-Carboniferous euphemitids (having typical gastropod muscle scars) are similar in position of the perinductura-inductura 2 boundary and in their form and ornamentation (see also Horný 1996) . The same geometry of the 2. Moore (1941) described secondary shell deposits in Euphemites in detail and used the terms inductura, perinductura, and coinductura. The inductura is a secondary shell layer extended from the inner side of the aperture over the parietal region, columellar lip, and part or all of the outer shell surface. The perinductura is a secondary shell layer assumed to be secreted by a mantle fl ap refl ected back over the outer apertural lip. This shell layer obscures the growth lines and is the lowest of three outer shell layers. The coinductura is a secondary shell layer extending over the inner lip within the aperture and covering only a small part of the inductura. secondary shell deposits was later documented in Devonian plectonotids (Frýda 1999b ). Frýda and Gutiérrez-Marco (1996) pointed out that these secondary shell deposits were secreted by homologous mantle fl aps. Thus, Sinuitidae and Euphemitidae had probably similar soft-body organization, even though they were placed in different molluscan classes, that is, Gastropoda and Monoplacophora (see previous discussion). Frýda (1999a) suggested that the presence or absence of a larval shell (protoconch II) diagnosed separate derivations of bellerophontiform gastropods. Bellerophontiforms such as Bellerophon (Figure 10 .6B, C) possess a multiwhorled protoconch with a small diameter of the fi rst whorl. This protoconch type was interpreted as a true larval shell (protoconch II; Figure 10 .6D, G; Frýda 1999a). Bellerophon shares this feature with anisostrophic gastropods (e.g., neritimorphs, caenogastropods, and heterobranchs) and some Devonian cyrtonellids (e.g., Cyclocyrtonella; Horný 1993; Figure 10 .6A). However, Ordovician sinuate bellerophontiform molluscs (Sinuitopsis and Modestospira) possess a relatively large, symmetrical protoconch formed only by the primary embryonic shell (protoconch I; e.g., Dzik 1981) . This absence of a secondary larval shell is shared with patellogastropods, vetigastropods, and related Paleozoic taxa (including Euomphalomorpha (Figure 10 .5A-C) with aragonitic crossed-lamellar shell structure, Figure 10 .5G) and some Devonian limpets (e.g., Ladamarekia, Figure 10 .6E, F). MacClintock (1968) found that some Late Carboniferous bellerophonts possess complex crossed-lamellar inner layers with no nacre, which is very similar to the condition of the bilaterally symmetrical fi ssurelloids (see also McLean 1984) . This is very diffi cult to reconcile with neontological data unless these bellerophontiforms are secondarily derived Vetigastropoda. This also raises the possibility that bellerophonts are polyphyletic within gastropods (Frýda 1999d; Wagner 2002 ; see also Parkhaev, Chapter 3, for an alternative view).
In summary, different models about the evolution of torsion and the nature of the earliest gastropods make contradictory inferences about whether any or all bellerophonts were gastropods and whether the group was mono-, para-, or polyphyletic. Several lines of empirical evidence suggest polyphyly. Teleoconch data suggest that early bellerophonts were diphyletic, with clade membership coinciding with different muscle scar patterns. General protoconch characters link some Silurian and Devonian bellerophontids to more advanced gastropod groups but at least some Ordovician sinuitid bellerophonts have a protoconch similar to that seen in patellogastropods, euomphaloids, and vetigastropods, corroborating the idea of polyphyly. Alternatively, these data also corroborate an idea that the active trend toward advanced protoconchs (Nützel and Frýda 2003) was a driven trend (see previous discussion). Finally, shell mineralogy and microstructure link at least some Late Paleozoic bellerophonts to derived vetigastropods.
ORIGIN OF PATELLOGASTROPODA
There are two primary issues concerning the origins of patellogastropods: the nature of their last common ancestor with other gastropods, and which (if any) Paleozoic taxa are eogastropods (sensu Ponder and Lindberg 1997) and hence ancestral to patellogastropods.
Traditionally, workers thought patellogastropods to be derived from pleurotomarioids (e.g., Knight 1952) . However, based on soft anatomy, Golikov and Starobogatov (1975) and Lindberg (1988) suggested that they were the sister taxon to all other gastropods. Haszprunar (1988) further hypothesized that the limpet shell is a plesiomorphy retained by patellogastropods. However, Ponder and Lindberg (1997; also Lindberg and Ponder 2001) argued that this was a parallelism and that the last common ancestor of extant gastropods was coiled, given that different basal limpets share only superfi cial similarities because asymmetries in their anatomy indicate coiled ancestry.
The highly reduced teleoconch morphology of most limpets (including patellogastropods) leaves only shell microstructure, protoconchs, Paleozoic members of the Ladamarekiidae (Figure 10.6E, F) have smooth, bowl-shaped protoconchs (Frýda, unpublished data) resembling those of monoplacophorans. Ponder and Lindberg (1997) noted a slight sinistral offset of the patellogastropod protoconchs and thus suggested that patelloids had a sinistrally coiled ancestor (but see discussion in Bandel 1982; Sasaki 1998 ). Recently Lindberg (2004 suggested that patellogastropods might even represent a diphyletic group.
It is not known whether crown group patellogastropods appeared in the Paleozoic. This uncertainty is likely due to the assumed coiled ancestor not being recognized or may be exacerbated by the adaptation to intertidal environments shown by living patellogastropods given the (relatively) poor fossil record of such environments.
THE VETIGASTROPODA
Because anatomical and external head-foot characters diagnose the Vetigastropoda, it is diffi cult to recognize this taxon reliably among fossils (see Salvini-Plawen and Haszprunar 1987; Ponder and Lindberg 1997; Geiger et al., Chapter 12) . However, features such as the presence of a nacreous shell layer and the absence of protoconch II also typify vetigastropods (see Bandel 1982 . The latter character is assumed to be plesiomorphic because it is shared with some hot-vent taxa (Warén and Bouchet 2001 , and references therein), Patellogastropoda (see Ponder and Lindberg 1997; Sasaki 1998) , and fossil Euomphalomorpha (see previous discussion and for references), as well as some bellerophontiform molluscs (see also the previous section on relationships inferred from protoconch data). However, the shape of protoconch I (i.e., left or right offset, close coiling versus open coiling, etc.) differs among these taxa (see previous discussion on patellogastropods; also Bandel 1982; Ponder and Lindberg 1997; Bandel and Frýda 1998; Nützel 2002) . Whether the similarities represent symplesiomorphic or synapomorphic homologies or even parallelisms is still unclear. Basal vetigastropods and maybe also muscle scars as sources of information about relationships to coiled taxa. The oldest limpets with patellogastropod shell structure are from Triassic strata , but unfortunately, no information exists on shell structure in any Paleozoic limpets, which leaves us with no mineralogical evidence for or against the idea that some might be patellogastropods. Ponder and Lindberg (1997: 197) note that patellogastropods share a calcitic foliated structure with at least some platyceratids (see Carter and Hall 1990) , and therefore suggest platyceratids to be possible coiled precursors for patelloids. However, there are some doubts whether this structure is really identical in the both groups (see Bandel and Geldmacher 1996) . In addition, the latter hypothesis is also in confl ict with protoconch data. Protoconchs of Silurian-Permian platy ceratids (e.g., Bandel and Frýda 1999 ) consist of an embryonic as well as true larval shells (see subsequent discussion of the origin of Neritimorpha), in contrast to those of patellogastropods. Wagner (1999b) suggests that platyceratids were derived euomphalines, given that early platyceratoids share an orthoconic protoconch with his early euomphalines, such as Pararaphistoma (Dzik 1994) , and calcitic shells with other early euomphalines, such as Ophiletina (see Rohr and Johns 1990) . Given that the plausible ancestors for the Orthogastropoda reside in Wagner's defi nition of the murchisoniine clade, this in turn would predict that patellogastropods are the sister group of all other gastropods (Figures 10.2 and 10.3) .
As noted previously, patellogastropods, like several other living and fossil groups (see also the discussion of Vetigastropoda below), lack protoconch II. Protoconch morphologies are known for only three Paleozoic taxa that include limpets. Limpets of the Middle and Late Paleozoic Cyrtoneritimorpha (Figure 10 .8; see also Origin of Neritimorpha) and Middle Paleozoic Pragoscutulidae (Figure 10 .10E; Frýda 2001, Cook et al., in press , and references therein) possess a true larval shell (protoconch II). Thus, it is unlikely that either taxon is related closely to patellogastropods. Middle appear to be diagnosed by teleoconch features such as a narrow sinus, deep slits, and bilineate selenizones.
In traditional classifi cations the Vetigastropoda include two prominent groups of Paleozoic Gastropoda: the Pleurotomarioidea and Trochoidea. These classifi cations imply that these vetigastropods appeared by the Late Cambrian and are the most common Paleozoic gastropod group (Knight et al. 1960; Tracey et al. 1993; Wagner 1999b; Frýda and Rohr 2004) . However, numerous teleoconch, protoconch, and shell mineralogy studies suggest that the traditional Paleozoic defi nitions of both taxa are highly polyphyletic (e.g., Bandel and Frýda 1996; Bandel and Geldmacher 1996; Wagner 1999b , and references therein). Moreover, as Wagner (1999b) noted, the vetigastropod teleoconch is just as derived relative to early Ordovician gastropods as is the teleoconch of caenogastropods or neritimorphs. Teleoconchs consistent with extant pleurotomarioids and coiled scissurelloids do not appear until the Silurian, and they are not especially diverse until the Devonian (Wagner 1999a, b) . Several gastropod groups with preserved shell structure (most nacreous) and typical vetigastropod-type protoconchs were reported from the Carboniferous Buckhorn Asphalt Deposit of Oklahoma, United States . Although vetigastropodstyle teleoconchs were diverse in the Late Paleozoic, it is still unclear whether crown group members of the Pleurotomarioidea, Fissurelloidea, Scissurelloidea, and Trochoidea diverged during the Paleozoic.
The oldest known vetigastropod-type protoconchs come from the Silurian (Frýda, unpublished data) . Early Devonian taxa possess this style of protoconch, whether or not they have selenizones (Figure 10 .7; Frýda and Rohr 2004 , and references therein). Batten (1972) documented nacreous structures in Carboniferous "eotomarioids" similar to that of Devonian species known to have vetigastropod-type protoconchs (Figure 10 .7; see references in Frýda and Rohr 2004) . The same protoconch type was also documented in high-spired, selenizone-bearing Early and Middle Devonian Murchisonioidea (Frýda and Manda 1997; Figures 10 .7A, B, 7D-F, I), which were interpreted as a link among medium-spired, sinusand selenizone-bearing pleurotomarioids and sinus-bearing but selenizone-less loxonematoids (e.g., Knight et al. 1960 ; see previous discussion and Figure 10 .10B, C, G). Middle and Late Paleozoic taxa with vetigastropod-type protoconchs also possess the distinctive deep slit, reduced sinus, and bilineate selenizone prominent among pleurotomarioids and even coiled scissurelloids that might diagnose stem group vetigastropods.
Whether nacreous structures occurring in some living and extinct Vetigastropoda are derived or plesiomorphic is a matter of contention. X-ray diffraction studies by Hedegaard (1997) and Chateigner et al. (2000) suggested that gastropods and cephalopods derived nacreous structures independently. However, ongoing study of crystallographic textures and microstructures of molluscan shells suggests that nacre is homologous between living and fossil vetigastropods and cephalopods (Frýda et al. 2004, 2006, and unpublished data) . If so, then the feature is plesiomorphic for gastropods, and vetigastropod-type nacre thus might have evolved long before vetigastropods did. Thus, nacre was probably lost multiple times, and its presence suggests a basal position of the vetigastropods, as do some recent molecular studies, in contrast to Ponder and Lindberg (1997) 's placement of the Vetigastropoda above Neritimorpha.
In summary, paleontological as well as neontological data now imply that vetigastropods do not represent the ancestral stock for all other gastropods, as was long supposed. Still, vetigastropods retain primitive features such as a sinus and nacreous shell structure, which is consistent with a fairly early divergence from other gastropods.
ORIGIN OF NERITIMORPHA
Neritimorpha (ϭ Neritaemorphi and Neritopsina; see Bouchet and Rocroi 2005) are characterized by several anatomical apomorphies (Ponder and Lindberg 1997) , distinct cleavage patterns (van den Biggelaar and Haszprunar 1996; Lindberg and Guralnick 2003) , and molecular sequence data (Kano et al. 2002) . Post-Paleozoic marine neritimorphs with planktotrophic larval development share a unique protoconch morphology (Bandel 1982) typically featuring highly convolute (protoconch II; Figure 10 .8C, F). Their relationships to other gastropods were long enigmatic (see Ponder and Lindberg 1997) , but recent publications of embryological (van den Biggelaar and Haszprunar 1996; Lindberg and Guralnick 2003) and even molecular data (see Colgan et al. 2003; Lindberg, Chapter 11) suggest that neritimorphs are more closely related to caenogastropods than to traditional archaeogastropods.
The oldest undoubted examples of the neritimorph protoconch are from Triassic strata (Bandel and Frýda 1999; Bandel 2000, and unpublished data) . Frýda (1998a; pointed out that presumed Paleozoic neritimorphs (Figure 10.8) have two different larval shells: one closely coiled (but not convolute), and the other beginning with nearly orthoconic growth followed by an open-coiled, fi shhook-like protoconch II (Figure 10.8) . The fi rst group, the Cycloneritimorpha includes "Platyceratidae," Plagiothyridae, Naticopsidae, Nerrhenidae, and "Oriostomatoidea" (Yoo 1994; Bandel and Frýda 1999; Bandel and Heidelberger 2001; Nützel and Mapes 2001) , and displays a tightly coiled homeostrophic larval shell that is little different from the larval protoconch II of caenogastropods (see Origin of Caenogastropoda below). Frýda (1998b; also Bandel and Frýda 1999) interpreted the second protoconch group, the Cyrtoneritimorpha (e.g., Vltaviellidae and Orthonychiidae; Figure 10 .8B, E, G-I), as stem group neritimorphs based on Middle and Late Paleozoic specimens. However, teleoconchs of the Silurian and Devonian cyrtoneritimorphs led Frýda and Heidelberger (2003; also, Frýda, unpublished data) to question whether cyrtoneritimorphs are stem group neritimorphs. Thus, the systematic position of Cyrtoneritimorpha is uncertain, and they may represent an independent clade of Paleozoic gastropods (Figure 10.3) .
In summary, fossil data corroborate a close relationship between neritimorphs and caenogastropods (see discussion in Relationships inferred from protoconch morphology). However, when neritimorphs diverged from other gastropods obviously is a matter of contention given the divergent views on the stem members of the clade. If platyceratids are related to neritimorphs (but see previous discussion), then the oldest possible neritimorphs are Middle Ordovician (Wagner 1999b; Frýda and Rohr 2004) . At latest, they had diverged from caenogastropods (and any closer relatives to caenogastropods) prior to the fi rst appearance of caenogastropods in the Devonian (see following discussion). Regardless, there is no fossil evidence that crown group neritimorphs diverged during the Paleozoic. Knight et al. (1960) linked fi ve families that appear in the Ordovician to caenogastropods. However, these links are problematic, because general teleoconchs (high-spired to fusiform, eventually with siphonal canals) typifying caenogastropods likely evolved several times. Indeed, teleoconch data alone suggest that putative caenogastropods such as the Subulitidae, Loxonematidae, Murchisoniidae, and Plethospiridae are polyphyletic, whereas taxa such as the Craspedostomatidae appear to be unrelated to those taxa (Wagner 1999b; . Also, protoconch data of the middle Paleozoic members of the Subulitidae (Frýda 1999c , Loxonematidae (see discussion in Frýda and Blodgett 2004) , and Murchisoniidae (Frýda and Manda 1997) reveal their polyphyly. Caenogastropods do have diagnostic protoconchs with multiple whorls and well-separated, orthostrophic volutions (Figure 10 .9I; see also Relationships inferred from protoconch morphology). Well-preserved Paleozoic caenogastropod-type protoconchs are fi rst known from the Middle Paleozoic (Figure 10 .9H; Frýda 2001), and they are well documented from the Late Paleozoic (e.g., Yoo 1988 Yoo , 1994 Bandel 2002a; Pan and Erwin 2002) . Paleozoic caenogastropods include several distinct clades. One is the highly diverse Zygopleuroidea (Knight 1930) , which are probably related to some extant "ptenoglossans" (Bandel 1991; Nützel 1998) , although that group is likely polyphyletic (see Ponder et al., Chapter 13) . Another caenogastropod clade present in the Paleozoic is the Cerithioidea, which are commonly considered basal caenogastropods. Cerithioids are likely closely related to the slitbearing, Murchisonia-like Goniasmatidae and Pithodeidae as well as the slitless Orthonematidae and Palaeostylidae (Nützel 1998; Nützel and Bandel 2000; . In contrast to slit-bearing, Murchisonia-like Goniasmatidae and Pithodeidae, the Middle Paleozoic Murchisonioidea (including Murchisonia) are not Caenogastropoda (see previous discussion and Figure 10 .7). Cerithioidea were placed in "Palaeo-cacnogastropoda" together with Littorinoidea and Rissooidea (Bandel 1993 (Bandel , 2002a . However, Ponder and Lindberg (1997) suggest that this assemblage is polyphyletic. The Procaenogastropoda (Bandel 2002a) represents another problematic taxon of high rank that includes Paleozoic caenogastropods. Bandel (2002a) suggested that an indistinct transition between protoconch and teleoconch diagnoses the procaenogastropods, but Nützel and Pan (2005) suggested that this transition is probably a preservational artifact because well-preserved specimens show an abrupt transition, and they placed them in Caenogastropoda.
ORIGIN OF CAENOGASTROPODA
Subulitiform gastropods from the Middle and Late Paleozoic (Figure 10 .9B-E, H) form a polyphyletic assemblage of caenogastropods and peruneloids (Frýda and Bandel 1997; Nützel and Cook 2002) . However, most of these taxa share only superfi cial similarities with the Ordovician Subulites and are probably not directly related (Wagner 1999b; . On the other hand, some Middle Paleozoic subulitiform gastropods (e.g., Prokopiconcha and Balbiniconcha, Figure 10 .9H) are closely related to the late Paleozoic "caenogastropod-like subulitids" ). The links (if any) of caenogastropod-like subulitids to extant groups are unclear.
Late Paleozoic caenogastropods, according to Bandel (2002a) , include the nonmarine families Anthracopupidae, Dendropupidae, and "Palaeocyclophoridae" (Order Procyclophorida; Bandel 2002a) . Although many analyses place the Architaenioglossa either within Caenogastropoda or as sister group to all other caenogastropods, there are no unequivocal Paleozoic architaenioglossans. Thus, the fossil record does not corroborate a basal divergence of nonmarine architaenioglossans from marine caenogastropods.
Neritimorphs and caenogastropods share planktotrophy and have homeostrophic larval shells. Paleozoic Neritimorpha possess a larval shell similar to that of caenogastropods, although post-Paleozoic neritimorphs have highly convolute larval shells with resorbed inner walls, and the teleoconchs generally have a higher whorl expansion rate. This suggests that the neritimorphs may be the sister taxon of caenogastropods. If so, neritimorphs and caenogastropods clearly diverged by the Early Devonian and likely last shared a common ancestor in the Silurian (Figure 10.4) . However, fossil data also suggest another evolutionary scenario. The Ordovician-Carboniferous subulitiform Peruneloidea (Perunelomorpha) possesses homeostrophic protoconch II but with an open-coiled fi rst whorl (Figure 10.9A, C, F, G) . The teleoconch morphologies of the Middle Paleozoic peruneloids belonging to Chuchlinidae (e.g., Chuchlina, Zenospira, and Havlicekiela; Figure 10 .9B-F; Frýda and Bandel 1997; Frýda 1999b) and Late Paleozoic Imoglobidae Bandel 2002a; Nützel and Cook 2002 ) are similar to those in Late Paleozoic caenogastropod-like subulitids. Differences in the morphology of their protoconchs (i.e, open-coiled fi rst whorl of peruneloids versus close-coiled fi rst whorl of "caeno-subulitids") may refl ect an active trend toward decreasing proportions of open-coiled protoconchs during the Paleozoic (see previous discussion). Thus, the Ordovician-Carboniferous Peruneloidea (Perunelomorpha) may represent basal caenogastropods or their sister group (Frýda 1998a (Frýda , 1999a (Frýda , 2005a Bouchet and Rocroi 2005) . If so, then caenogastropods last shared a common ancestor with another gastropod group in the Ordovician (Frýda and Rohr 2004 , and references therein).
In summary, true caenogastropods appear much later than implied by traditional works, and gross teleoconch characters linking Ordovician taxa to caenogastropods probably represent convergence. However, it is very possible that one of those groups includes the ancestors of caenogastropods and peruneloids. Caenogastropods almost certainly had diverged from neritimorphs and heterobranchs by the Devonian, given protoconch data. Moreover, the absence of appropriate material from earlier strata means that even older divergences are possible. Finally, fossils do corroborate ideas that caenogastropods are closely related to neritimorphs and maybe also heterobranchs (see Figures 10.2 and 10.3, and following discussion).
ORIGIN OF HETEROBRANCHIA
The Heterobranchia (ϭ Heterostropha of Bandel 1994; but not of Ponder and Warén 1988) are diagnosed by several anatomical features (see Ponder and Lindberg 1997) as well as by a protoconch that coils in a different direction from the teleoconch. As noted previously, neontological studies typically suggest a close relationship between heterobranchs and caenogastropods, but differ over whether heterobranchs are most closely related to caenogastropods or to a caeno ϩ neritimorph clade.
The majority of Paleozoic heterobranchs are high spired with slender apertures. The oldest known likely heterobranchs have been found in the Middle Paleozoic (Bandel 1994; Nützel 1998; Frýda 2000; Blodgett 2001, 2004; Bandel and Heidelberger 2002) , and the group is fairly diverse and abundant in the Late Paleozoic (e.g., Bandel 2002b, and references therein).
Paleozoic heterobranchs include the Streptacidoidea, Stuoraxidae (Architectonicoidea), as well as possible Devonian stem taxa such as Palaeocarboninia and Kuskokwimia (Figure 10 .10A) (Frýda and Blodgett 2001; Bandel 2002b; Bandel and Heidelberger 2002; , although their relationships to other heterobranchs are uncertain. Streptacidoids are relatively highly diverse in Carboniferous communities (see Knight et al. 1960; Bandel 2002b , and references therein). Heteroloxonema from the Givetian (late Middle Devonian) represents probably the oldest known streptacidoidean genus (Frýda 2000; also Bandel 1994; Nützel 1998 ; Figure 10 .10D). Streptacidioids are also known from the Early Mesozoic (e.g., Bandel 1994) and it is likely that there are even Recent representatives (e.g., Bandel , 2005 .
The oldest known stuoraxids are from Permian strata see discussion in Bandel 2002b; Nützel 2002; Frýda and Blodgett 2004) . Thus, the Architectonicoidea diverged from other heterobranchs by the Late Paleozoic.
We currently know of no opisthobranchs or pulmonates from the Paleozoic. Although workers traditionally classifi ed Paleozoic taxa such as Girtyspira and Acteonina in the Opisthobranchia (see Kollmann and Yochelson 1976) , it is now known that these taxa had homeostrophic protoconchs Bandel 2002b ) and are better included in Caenogastropoda. Morris ' (1990) suggestion that opisthobranchs are derived subulitoids stemmed in part from the assumption that taxa such as Girtyspira were opisthobranchs. Nevertheless, both Wagner (1999b) and indicate polyphyly among subulitiforms. Moreover, early heterobranchs such as Kuskokwimia (Figure 10 .10A) and Palaeocarboninia possess subulitiform teleoconchs. Thus, it is distinctly possible that heterobranchs (and thus also opisthobranchs) arose from some subulitiform group. Ponder and Lindberg (1997: 203) speculated that the ancestors of Heterobranchia arose from hyperstrophic dextral ancestors such as onychochilids. However, as noted previously, onychochilids likely represent a distinct molluscan clade only distantly related to gastropods (see following discussion and Parkhaev, Chapter 3, for an alternative view). Moreover, there is no evidence that onychochilids were hyperstrophic (Frýda and Rohr 2004) . Macluritoids are little better as an alternative. Morris's (1991) functional analyses suggest that that macluritoids were orthostrophic, and Frýda and Rohr (2006) present evidence for sinistral heterostrophy in macluritids (Figure 10.5D-F) . Finally, macluritoids likely went extinct at the end of the Ordovician (Wagner 1999b, Frýda and Rohr 2004 , and reference therein), which would leave an improbable sampling gap in the fossil record or require a very different intermediate ancestor.
In summary, heterobranchs clearly diverged from other gastropods by the Devonian. However, the relationships of Paleozoic heterobranchs to extant ones are still unclear. Fossil data are consistent with a generally close relationship between heterobranchs and caenogastropods, as suggested by most neontological studies (see Lindberg and Guralnick 2003) , but fossil data do not resolve specifi c scenarios.
PARAGASTROPODA-AN INDEPENDENT MOLLUSCAN CLASS?
Linsley and Kier (1984) used functional analyses to propose that many anisostrophic molluscs with near-planispiral, hyperstrophic, or sinistral coiling (e.g., the Clisospiroidea, Macluritoidea, and possibly Euomphaloidea) formed a class of untorted molluscs, which they called the Paragastropoda. They also included Pelagielloidea in this class, although they explicitly stated pelagielloids represented a separated derivation of the paragastropod condition. This led to two debates: Were some or all of these taxa untorted, and were these taxa actually a clade? Dzik (1983) separated the Clisospiridae and Onychochilidae from the Macluritoidea and Euomphaloidea by placing the former in the Mimospirina, but considered mimospirines to be "archaeogastropods." Wagner (1999b) linked Cambrian mimospirines to pelagielloids and found that this clade was only distantly related to gastropods. The same study further suggested that mimospirine-like macluritoids (e.g., Palliseria) are highly derived rather than the phylogenetic intermediates between macluritoids and onychochilids as assumed in other models (e.g., Runnegar 1981) . Finally, Morris's (1991) water fl ow experiments found that gastropods inhabiting Maclurites-like shells could utilize Bernoulli effects, whereas untorted molluscs inhabiting the same shells could not. However, Morris (1991) corroborated Linsley and Kier's (1984) hypothesis that mimospirines were untorted.
Protoconch data also fail to unite the Paragastropoda. Onychochilids and clisospirids share sinistrally coiled protoconchs with large embryonic shells (Dzik 1983; Frýda 1992; Frýda and Rohr 1999) , which were interpreted as larval shells formed during a non-planktotrophic larval stage (Frýda and Rohr 2004 ). In contrast to the Mimospirina, early members of the "Euomphaloidea" possess orthoconic protoconchs (Dzik 1994) , whereas Devonian-Permian Euomphaloidea (including the type species of Euomphalus; Figure 10 .5A-C) possess open-coiled early whorls lacking a true larval shell (Yoo 1994; Bandel and Frýda 1998; Nützel 2002) . Finally, Frýda and Rohr (2006) document sinistral heterostrophy in a phylogenetically basal, Early Ordovician macluritoid (the oldest example of heterostrophy among gastropods).
In summary, teleoconch data and functional analyses both suggest paragastropods are diphyletic, with one group gastropods and the other non-gastropod (see Wagner 1999b, Figure 7; and here Figures 10.2 and 10.3 ; see also Parkhaev, Chapter 3, for an alternative view). Protoconch data unite onychochilids and clisospirids but fail to unite that group with macluritids or euomphalids.
DIVERSITY DYNAMICS
It seems as though a relatively steady increase in "extinction resistance" (Erwin and Signor 1990) has made gastropods one of the most diverse metazoan clades (Sepkoski 1981; Sepkoski and Hulver 1985; Bambach 1985; Signor 1985) . As a consequence, gastropods increase in importance from the Paleozoic to the modern fauna (Sepkoski 1981) . For future research, a particularly interesting question is which characteristics made gastropods so "extinction resistant?" Like all organisms, gastropods are products of evolution, and every species and each individual has adapted to its environment. Increases in diversity may or may not be called "adaptive radiations" but when working with fossil gastropods, it is rarely possible to infer to what a taxon was adapted.
There are many unresolved questions about phylogeny, stratigraphic range, and adequacy of the fossil record. Nevertheless, with almost 200 years of research on fossil gastropods, both Paleozoic and post-Paleozoic, we have abundant data on the diversity dynamics of this group. However, relatively few such studies are primarily concerned with Paleozoic gastropod diversity, and most were primarily based on Sepkoski's (1982 Sepkoski's ( , 2002 compilations (Signor 1985; Dmitriev 2005 ; and others, see following discussion).
Cambrian univalves, including early gastropods or their closest relatives, might have suffered an early extinction event during the Cambrian and subsequent turnover in the Ordovician. As with most other invertebrate clades, gastropod diversity increased sharply during the Early Ordovician radiation (Frýda and Rohr 2004) .
The Ordovician was a remarkable period in the evolution of many metazoans, including gastropods. There are numerous hypotheses for the cause(s) of these radiations (Miller 2004) . Regardless, several independent studies (Sepkoski 1995; Wagner 1995b Wagner , 1999b NovackGottshall and Miller 2003; Frýda and Rohr 2004) showed that diversity of Ordovician gastropods was increasing from the earliest Ordovician until the Late Ordovician, when, close to the Ordovician-Silurian boundary, it dropped drastically (Figure 10 .11A). Frýda and Rohr (2004) found two peaks of high diversity in Ordovician gastropods: one in the middle Late Ordovician (as shown in other studies) and another in the lowermost Darriwilian (late Middle Ordovician). Extinction in the Ordovician peaked close to the Ordovician-Silurian boundary (Sepkoski 1995; Wagner 1995b; Frýda and Rohr 2004) , but the exact time of the highest extinction rate for each gastropod group seems to differ slightly, perhaps refl ecting multiple crises during the uppermost Ordovician (Copper 2001) . Wagner (1996) Frýda and Rohr (2004) .
strong peak of extinction was found at the beginning of the Darriwilian (Figure 10 .11B; Frýda and Rohr 2004) , which preferentially eliminated low-spired taxa (Wagner 1996) . Patterns of origination might be more complex than those of extinction. Although Wagner (1995b) and Novack-Gottshall and Miller (2003) suggested generally declining origination rates following a logistic pattern, Frýda and Rohr (2004) suggested that origination rates show four distinct pulses (Figure 10.11B, C) . The fi rst coincides with the base of the Floian ("Arenig," late Early Ordovician), during which both the vetigastropod-like taxa and Euomphaloidea diversifi ed. Barnes et al. (1995) noted that a fi rst-order regression/transgression couplet close to the Tremadocian-Arenig (Early Ordovician) boundary could be responsible for the extinction event, which was followed by a period of adaptive radiation during rapid transgression. Shallow seas attained a higher level of oxygenation during the transgression, which allowed the rapid radiation of organisms with a (relatively) high metabolism, such as gastropods. Novack-Gottshall and Miller (2003) showed that Ordovician gastropods were most diverse in shallower, carbonate-rich settings in more equatorial paleocontinents (as they are today), suggesting that the initial radiation of gastropods refl ected, at least in part, the expansion of their preferred habitats. The interval close to the lower boundary of the Darriwilian exhibits high turnover rates, coinciding with the most distinct faunal change within Ordovician gastropod faunas (Frýda and Rohr 2004) . The Euomphaloidea and Macluritoidea reach their highest diversity close to the lower boundary of the Darriwilian, and subsequently their diversities markedly decreased, with the Macluritoidea probably becoming extinct during the mass extinction event close to the OrdovicianSilurian boundary (Figure 10.11D) . A third pulse in the Sandbian (early "Caradoc," Late Ordovician) saw a marked increase in the radiation of most gastropod groups (Frýda and Rohr 2004) . Finally, a late spike in origination rates affecting Clisospiroidea and many groups of vetigastropod-like taxa occurs in the Katian (late "Ashgill," Late Ordovician).
The Silurian was a period of increasing diversity of most gastropod clades. This might have been connected with an increase in their ecological adaptation to specifi c environments. The proportion of species with high shells (mainly Loxonematoidea, Murchisonioidea, and Subulitoidea) continued to increase. In addition, slitbearing taxa became diverse for the fi rst time (Wagner 1999b) . Platyceratid gastropods also diversify during this time; given their apparent specializations for parasitizing echinoderms, this might qualify as a true adaptive radiation (see Erwin 1992; Schluter 2000) ; unfortunately, evaluating this suggestion is diffi cult because of the diffi culty in delimiting species and because the calcitic shells of platyceratids greatly increased their preservation rates (and thus their expected sampled richness) relative to most other gastropod taxa.
The Devonian was a time of distinct changes in marine gastropod communities (McGhee 2005; Frýda 2005a ). Some Ordovician-Silurian groups became extinct (Mimospirina), new groups (e.g., Heterobranchia) appeared Blodgett 2001, 2004) , and many groups (Caenogastropoda and Neritimorpha) underwent rapid radiation and specialization (Frýda 2001, Bandel and Ponder et al., Chapter 13) . The Devonian was also the time when the protoconch morphology of several gastropod groups underwent considerable change (see discussion on macroevolutionary trends relating to protoconch morphology above). These changes as well as Middle and Late Paleozoic radiations of Neritimorpha, Caenogastropoda, and Heterostropha are likely linked with fundamental changes in the biogeochemical evolution of Paleozoic oceans (Frýda 2005b ). Due to a very poor Frasnian-Fammenian (Late Devonian) record, the effects of the endDevonian extinction on gastropod diversity patterns are currently are not well known; however, Late Paleozoic and Devonian gastropod faunas share many taxa, implying that the extinction was not drastic for gastropods. Erwin (1990a) reported a steep increase in gastropod generic diversity from the Famennian to the Visean (Mississippian, Early Carboniferous) with high origination rates in the Tournaisian and Visean (Mississippian, Early Carboniferous). Diversity was apparently relatively stable from the Visean to the Latest Permian without major extinction events or radiations (Erwin 1990a) . Well-preserved Late Paleozoic gastropod faunas are particularly well known from soft-bottom communities of the United States and Russia. Basal clades present in these faunas are the bellerophontids, euomphalids, slit-bearing vetigastropods, and naticopsids (see Knight et al. 1960 and Pchelintsev and Korobkov 1960 for a list of families and references) are frequently abundant. Moreover, the Late Paleozoic seems to have experienced a continued expansion of high-spired caenogastropods, such as Pseudozygopleuridae, Goniasmatidae, Orthonematidae, and Meekospiridae (see Ponder et al., Chapter 13) . The fi rst certain pseudozygopleurids occur in the Tournaisian, with the last occurring in the latest Permian (Yoo 1994; Kues and Batten 2001; Pan and Erwin 2002; Nützel 2005) . They are highly diverse with several genera and more than 100 nominate species so that Knight (1930) used the term "explosive evolution" for the Late Paleozoic pseudozygopleurid expansion. Nützel (1998) speculated that they were parasitic, similar to some Recent small high-spired ptenoglossans (such as eulimids) of high diversity and low disparity (see also Ponder et al., Chapter 13) . If so, then the pseudozygopleurid radiation might qualify as truly adaptive. The "subulitoid" family Soleniscidae likely originates in the Devonian or even earlier and is highly diverse and globally distributed in the late Paleozoic. Given that these taxa were probably predators, this too might qualify as an adaptive radiation. Notably, the earliest appearance of likely predators (true subulitids in the early Ordovician) did not result in a similar radiation. This is consistent with ideas that prominent adaptations need not lead to radiations (Fürsich and Jablonski 1984) or that predatory lifestyles were more viable in the late Paleozoic than in the Early Paleozoic (Vermeij 1987; Bambach 1993) . Caenogastropods display another interesting pattern associated with major radiations such as that of the angiosperms (see Wing et al. 1993) : that is, although they comprise most of the richness in some large Pennsylvanian gastropod faunas, they make up only about one-third of the individuals (see Ponder et al., Chapter 13) , indicating a decoupling of diversifi cation and ecological domination. Late Paleozoic basal Heterobranchia are mainly represented by the small high-spired Streptacididae, including the diverse, cosmopolitan genus Donaldina.
A recently discovered Latest Permian (Changhsingian) gastropod fauna from South China shows that most of the previously mentioned groups of Late Paleozoic gastropods were still present at the Permian-Triassic mass extinction Nützel 2005) , suggesting that gastropod extinction was sudden. Erwin (1990a) reported a sharp Late Permian decrease of gastropod diversity and high extinction rates, and his factor analysis suggests a clear turnover of Middle/ Late Paleozoic and Triassic gastropods. Nützel (2005) compared the richest Early Triassic gastropod fauna (Sinbad Limestone, Utah; Batten and Stokes 1986; Nützel and Schulbert 2005) with typical Late Paleozoic gastropod faunas and found major differences in composition, stating that if the Sinbad fauna was found in the Paleozoic, it would stand out as highly unusual. Taxa that probably became extinct include the euomphaloids, pseudozygopleurids, orthonematids, and platyceratids. Taxa that trickled through include bellerophontoids and soleniscids, although these two groups might have had very different ultimate fates: bellerophontoids were a "dead clade walking" (sensu Jablonski 2002; see also Nützel 2005 for review), whereas soleniscids might include the precursors of some Mesozoic caenogastropod clades. Thus, gastropods were clearly affected by the end-Permian mass extinction event, and their subsequent rebound and recovery no doubt played a major role in shaping modern gastropod diversity.
The study of radiations and extinctions of gastropods is a rich fi eld for future research. Available data and phylogenetic analyses still need much improvement. Moreover, description of new taxa and faunas from all parts of the world are needed. For example, although only 25% of nominate species and 15% of nominate families were described in the last 25 years, nearly onethird of Paleozoic gastropod genera have been named in the last 25 years. Nevertheless, the analysis of the data available now has resulted in interesting patterns that begin to provide an understanding of the evolutionary history of gastropods.
GAPS IN KNOWLEDGE
The following challenges can considerably improve our knowledge of the Paleozoic gastropods:
To fi nd well-preserved pre-Devonian gastropod material with protoconchs and shell structures. To place the Late Cambrian/Ordovician diversifi cation of gastropods into the context of the initial Phanerozoic diversifi cation of molluscs. To link early Paleozoic faunas with Middle/Late Paleozoic ones. To link of these Paleozoic faunas with Mesozoic to modern lineages.
Better understanding of phylogenetic relationships and biodiversity of the Paleozoic gastropods will require species-level teleoconch and (whenever possible) protoconch and shell structure data as well as exact stratigraphic and paleogeographic information. In addition, better clues from neontological data about the expected ancestral forms of many "basal" gastropod groups (e.g., many hot vent taxa) as well as improved resolution of thorny phylogenetic issues (e.g., the relationships of neritimorphs and heterobranchs to other extant gastropods) offer the potential to corroborate these results. Disagreements between neontological and paleontological analyses will be more diffi cult to evaluate, as these might refl ect error in neontological inferences (which misled evaluation of early paleontological phylogenies), paleontological inferences, or the assumptions about how the two should be compared (e.g., that fossil taxon A belongs to extant taxon B). Nevertheless, such disagreements indicate that some generalizations are incorrect, and thus facilitate the progress of research.
